Using the serial analysis of gene expression technique, we surveyed transcriptomes of three major tissues (panicles, leaves, and roots) of a super-hybrid rice (Oryza sativa) strain, LYP9, in comparison to its parental cultivars, 93-11 (indica) and PA64s (japonica). We acquired 465,679 tags from the serial analysis of gene expression libraries, which were consolidated into 68,483 unique tags. Focusing our initial functional analyses on a subset of the data that are supported by full-length cDNAs and the tags (genes) differentially expressed in the hybrid at a significant level (P , 0.01), we identified 595 up-regulated (22 tags in panicles, 228 in leaves, and 345 in roots) and 25 down-regulated (seven tags in panicles, 15 in leaves, and three in roots) in LYP9. Most of the tag-identified and up-regulated genes were found related to enhancing carbon-and nitrogen-assimilation, including photosynthesis in leaves, nitrogen uptake in roots, and rapid growth in both roots and panicles. Among the downregulated genes in LYP9, there is an essential enzyme in photorespiration, alanine:glyoxylate aminotransferase 1. Our study adds a new set of data crucial for the understanding of molecular mechanisms of heterosis and gene regulation networks of the cultivated rice.
Cultivated rice (Oryza sativa) is one of the vital crops for human consumption, providing staple food for more than one-half of the world's population. To meet the demand from population growth, an estimated 50% yield increase in grain production, including that of rice, is expected by the year 2030 (Horton, 2000) . Exploiting the potential of heterosis has become a key strategy for increasing productivity of crop plants (Xiao et al., 1995) . When genetically distant breeding lines (often inbred) are artificially crossed, the resulting hybrid is characterized by an increased yield compared to its parental lines, taking advantage of a phenomenon termed heterosis or hybrid vigor (Shull, 1952) . However, the practice of producing promising hybrid breeds is largely a trial-and-error exercise and detailed molecular mechanisms for increased productivity in a hybrid are yet to be elucidated, especially when molecular markers empowering such research procedures are not entirely available. It is still indispensable to discover more heterosis-associated genes by acquiring data large-scale to compare gene expression profiles between a hybrid and its parental lines.
In this study, we focused our attention on a superhybrid rice, Liang-You-Pei-Jiu (LYP9), which produces 20% to 30% more grains per hectare than other hybrid or nonhybrid higher-yield rice crops (Lu and Zhou, 2000) . Its paternal cultivar, 93-11, is an indica variety (Oryza sativa L. subsp. indica), the major rice subspecies grown in China and many other Asian-Pacific regions. The maternal cultivar, Pei-Ai 64s (PA64s), has a major genetic background of indica and minor gene flows from japonica and javanica, two other major cultivated rice subspecies. PA64s is also a temperaturesensitive genic male-sterile rice cultivar with malesterility at 24°C.
We used the serial analysis of gene expression (SAGE) technique (Velculescu et al., 1995) to study transcriptome expression profiles among LYP9 and its parental lines. SAGE technique has been widely used to generate transcriptome profiles in animal systems, especially for cancer research, in large scale and at affordable cost (Zhang et al., 1997; Hermeking, 2003) . It is useful for large-scale discovery of new transcripts, especially for identifying the relatively rare ones, and for acquisition of quantitative information on copy numbers of expressed transcripts under discrete con-ditions. For higher plants, several groups have applied this technology to study general expression profiles in selected tissues and growth conditions in Arabidopsis (Arabidopsis thaliana; Ekman et al., 2003; Lee and Lee, 2003; Fizames et al., 2004) and in rice (Matsumura et al., 1999 (Matsumura et al., , 2003 Gibbings et al., 2003; Gowda et al., 2004) . We now report an attempt in identifying differentially expressed genes in a hybrid rice strain and its parental cultivars, hoping to provide new data and insights into the molecular mechanism of heterosis.
RESULTS

Basic Datasets and Tag-to-Gene Assignment
To build gene expression profiles of a parent-hybrid triad, we constructed nine SAGE libraries from mRNAs harvested in parallel growth stages from three basic rice tissues at distinct growth stages of the hybrid plant and its parental cultivars: (1) leaves at the milky stage of rice grain maturation, (2) panicles at the pollen-maturing stage, and (3) roots at the first tillering stage. From the libraries, we collectively sequenced 26,690 SAGE clones that yielded 465,679 individual tags and 68,483 different (or unique species of) SAGE tags (Table I) .
To do comparative analyses on these SAGE tags, we prepared four essential datasets. The first dataset contained 841,788 virtual tags that included all 10-mer sequences downstream from (or 3# to) all CATG sites in an indica genome sequence assembly (Yu et al., 2002) in both forward and reverse directions. The second dataset covered tags that were exclusively confirmed with full-length cDNAs (FL-cDNAs) of a japonica rice variety, Nipponbare (a nonredundant set of 20,259 FL-cDNAs; nonredundant Knowledge-based Oryza Molecular Biological Encyclopedia (nr-KOME)-cDNAs; Kikuchi et al., 2003) . A total of 11,941 tags were matched to one or more FL-cDNA sequences (17.4% of total tags), of which 96% (11,458 tags) matched to a single and unique cDNA. In comparison, when the alignment was not limited to those annotated by FL-cDNAs but all SAGE tags, 31.2% of the total tags were assigned to a single location on the rice chromosomes. In this study, we annotated all tags (genes) based on the FL-cDNA dataset and did not use computer-predicted genes. We also largely ignored the sequence variations between indica and japonica rice and a small fraction of the tags were disqualified due to sequence variations between the two subspecies. The third and fourth datasets were collections of expressed sequence tags (ESTs) and proteins, respectively, brought together from our own and the public databases.
Distribution of SAGE Tags in Rice Genome
To evaluate sampling bias, redundancy, and data quality, we did several standard analyses and benchmarked our expression analysis only on FL-cDNA confirmed tags (the entire dataset is also publicly available). To evaluate sampling biases, we first plotted SAGE tags as a function of their redundancy (copy numbers) from three datasets: the experimentally acquired SAGE tags, a subset of them that were confirmed by FL-cDNAs, and predicted tags based on rice genome sequences (Fig. 1) . Nearly identical distributions were observed for all three datasets. The number of tags decreased from more than 10,000 to 100 when copy numbers increased from 1 to 50. A slight difference between the predicted and real sites was observed in the low-copy fraction (1-5 copies), where a decreased number of tags were seen in the experimental data and even in the subset supported by the FL-cDNA dataset. One straightforward reason for this disparity is that a minor sampling bias may exist for rare transcripts among the methods employed in different data acquisition protocols of SAGE and cDNA cloning.
We next evaluated relative positioning of SAGE tags to the 3#-untranslated region (UTR) of genes, where they were targeted ( Fig. 2 ; Chen et al., 2000) . In this exercise, we first took the FL-cDNA dataset, aligned it to the genome sequence, and extracted a dataset composed of cDNA-verified virtual SAGE tags. We then established the position of the virtual tags in two plots: one containing the virtual tags that matched to our experimental tags ( Fig. 2A ) and the remaining tags that did not match to our experimental data (Fig. 2B) . The two distributions are rather narrow and nearly identical, peaking at 100 nucleotides upstream of a stop codon and suggesting a parity of the two data sets. We also positioned SAGE tags over predicted genes to assess how SAGE tags distributed over rice chromosome length, taking advantage of their high density. Figure 3 depicts such an alignment on rice chromosome 10. Two sets of predicted genes assembled and annotated by Beijing Genomics Institute (BGI) were used, one from the 93-11 (indica) genome and the other from the Nipponbare (japonica) genome (Goff et al., 2002; Yu et al., 2002 Yu et al., , 2005 . The experimentally acquired SAGE tags were specifically mapped to chromosomal locations where genes reside. They appeared distributed quite evenly over gene-rich regions and had an overall low density in gene-poor regions. We also went one step further and investigated several multigene families in details, for which we had both SAGE tags and corresponding genes annotated, including those of small GTP binding protein, a-amylase, Suc transporter, ammonium transporter, nitrate transporter, and chitinase (Table II) . The result was very encouraging; approximately 90% of our SAGE tags were specific enough in distinguishing members of these gene families, albeit most of them were seen as more than one copy among different libraries. Finally, we compared our SAGE data to that of 144,083 tags from Arabidopsis root libraries (Fizames et al., 2004) . The result revealed a similar distribution of genes between the two studies in various abundance classes, with minor variation largely due to sampling depth (Table III) . In most of the SAGE studies, over 80% of unique tags were found present at low copy numbers (#5 tags), and around 50% of them were detected only once in a genome (Chrast et al., 2000; Lee et al., 2001; Fizames et al., 2004) .
Comparisons of Our SAGE Results with Other Gene Expression Data
Various EST sequencing and proteomics approaches have been widely used in studying gene expression, especially in identifying tissue-specific genes, even though exactly matched datasets for comparison are somewhat sparse in the public data depositaries. We nonetheless compared our data to those acquired from a cDNA library (L499) constructed by Takuji Sasaki and coworkers from mRNAs of rice panicles at the flowering stage. From 6,502 available EST sequences, we found 26 panicle-specific genes annotated in the database, which were only detected in libraries generated from panicles but not in those from other tissues (Table IV) . Panicle specificity of all listed genes was found within our dataset, with one or more confirmations. We noticed a lower confirmation rate (percentage of EST-identified genes confirmed in our SAGE study) between the two studies in the panicle of PA64s (five out of 26 genes were detected); the result was consistent with the fact that PA64s is male-sterile. In addition, the expression levels of these genes were overall higher in panicles of 93-11 and LYP9 at a similar magnitude in both cultivars. Although some of the genes were not strictly speaking panicle specific, detectable in leaves and roots, they were expressed at a higher level in panicles than in the other two tissues. In rare cases (such as AK070187), we also observed variable expression levels between our SAGE and the EST data, but it was indistinguishable if they were due to differences of source materials or methods used for data acquisition.
We further compared genes that were identified in LYP9 with a set of EST data published recently (Zhou et al., 2003) . In Zhou's study, three shoot (young leaves) cDNA libraries were constructed from LYP9 and PA64s at the trefoil stage, but mRNAs from 93-11 were extracted from root tissues at the tillering stage. Approximately 10,000 EST sequences were obtained from each library. The EST sequences were annotated according to nr-KOME-cDNAs by using BLASTN with threshold values of E-value , 1E-30 and identities .95% over a length of 100 bp (Wu et al., 2002) . A P-value of 0.05 or less was considered as significant when evaluated for differential expressions. We found 121 leaf-associated genes that were both matched to our SAGE tags and differentially expressed in LYP9 (118 up-regulated and three down-regulated). Among them, 21 genes (17%) showed consistent results between SAGE and EST studies. Five and three of the consistently up-regulated genes were involved in photosynthetic pathways and antioxidative enzymes, respectively. One obvious possibility for the relatively low confirmation rate (percentage of EST-identified genes confirmed in our SAGE study) between the two studies is that the leaf materials were collected at different developmental stages, where they were harvested from leaves at the trefoil or tillering stage (rapid growing stage) for the EST study and at the (grain) milky stage for the SAGE experiment. Another possibility has to do with different cloning efficiencies between the two methods.
We also compared our SAGE data with proteins identified in a proteomic study at BGI by using matrixassisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS; Supplemental Fig. 1 ), in which a significant amount of rice proteins were identified in panicles (338), leaves (249), and roots (416) of 93-11. Although the confirmation rate (percentage of proteins identified in FL-cDNA collections) between the protein and the FL-cDNA collections was rather limited due to the fact that all the proteome data were acquired from the early flowering stage and a single cultivar (93-11) and other data were acquired from the same generally defined tissues but at different growing stages, genes expressed in particular tissues were comparable and the confirmation rates ranged from 19% to 27% in all tissues (panicles, 88/338; leaves, 48/249; and roots, 111/416) . Among the FL-cDNAconfirmed proteins, 51 (58%), 21 (44%), and 63 (57%) were detected in our SAGE tags (also confirmed with the same FL-cDNA dataset) in panicles, leaves, and roots, respectively. The remaining proteins identified with MALDI-TOF MS method were not found in the corresponding SAGE libraries, largely due to biases in the acquisition method applied and sampling depth limitations in each type of experiments.
Differential Gene Expression in Panicles: LYP9 versus 93-11 and PA64s
We obtained 68,549 tags from panicles of LYP9, which represented 23,178 unique transcripts (33.8%). Comparable numbers of unique tags were also acquired from the two parental lines: 22,890 out of a sum of 69,550 from PA64s and 11,878 out of a sum of 47,086 from 93-11. Scatterplot analysis indicated that the expression profile in panicles of LYP9 closely resembled that of its paternal line rather than the maternal line with a correlation coefficient of 0.95 (Fig. 4 , A-C). The result is consistent with field observations on several phenotypic characteristics of 93-11. Table V lists some of the differentially expressed genes in panicles of the triad. There were only 84 genes categorized as significantly differentially expressed (P , 0.01) between the hybrid and its paternal strain due to their rather similar expression profiles, in comparison to 907 and 914 genes found between the hybrid and its maternal line and between the two parental lines, respectively.
We annotated 29 tags that were significantly differentially expressed and shared by the hybrid and its parental lines with high confidence. Among them, 22 tags were found up-regulated and seven tags were defined as down-regulated in LYP9 (Table V) . Among the up-regulated genes, there was a MADS box-like protein (AK069317), similar to the Arabidopsis floral Published SAGE data from Arabidopsis roots (Fizames et al., 2004) .
homeotic protein APETALA3 (AP3). Another upregulated gene (AK060318) is a protein similar to an Arabidopsis oxidoreductase, which belongs to 2-oxoglutarate-and ferrous iron-dependent oxygenase family and similar to flavanone 3-hydroxylase (FHT). FHT and several other members of 2-oxoglutarate-and ferrous-iron-dependent oxygenase family are involved in the biosynthesis of flavonoids including flavonols, anthocyanins, and catechins (Turnbull et al., 2004) . In addition, a gene of this up-regulated group (AK068865) encodes a protein homologous to an Arabidopsis oligopeptide transporter family protein and also similar to Zea mays iron-phytosiderophore transporter protein yellow stripe1 (Ys1). Ys1 encodes a Fe(III)-phytosiderophore transporter protein (Roberts et al., 2004) . A final example is OsChia1d (AK071196), a chitinase that belongs to pathogenesisrelated proteins. The OsChia1d gene is highly expressed in floral organs but not or at an extremely low level in vegetative organs (Takakura et al., 2000) . It appeared that most of these up-regulated genes were related to the growth and development of panicles.
Most of the down-regulated genes in the hybrid were found related to protein processing (maturation and degradation). Examples are OsRCAA2 (AK060847) that encodes Rubisco activase small isoform precursor, OsRad6 (AK067703) similar to the Arabidopsis ubiquitin-conjugating enzyme (UBC2), and peptidylprolyl cis-trans isomerase (PPIase; AK058290). PPIase catalyzes rotations of X-Pro peptide bonds from a cis to trans conformation, a rate-limiting step in protein folding, and is very important since over 90% of proteins contain trans prolyl imide bonds. Plant PPIasetype family proteins, such as cyclophilins, are likely to be important proteins involved in a wide variety of cellular processes (Romano et al., 2004) . Another example of down-regulated genes is thioredoxin (Trx) peroxidase (AK058509), a protein belonging to the alkyl hydroperoxide reductase and thiol-specific antioxidant family (Jung et al., 2002) . The relationship among the up-and down-regulated genes in the hybrid panicles was not obvious from our preliminary analysis.
Differential Gene Expression in Leaves: LYP9 versus 93-11 and PA64s
From the leaf libraries, we identified a sum of 135,561 tags composed of 36,226 from LYP9, 52,515 from 93-11, and 46,820 from PA64s; among three data groups, 9,873, 15,398, and 13,927 were characterized as unique tags, respectively. Pair-wise comparisons yielded similar numbers of differentially expressed genes at a significant P-value (P , 0.01): 458 from LYP9 versus 93-11, 596 from LYP9 versus PA64s, and 510 from 93-11 versus PA64s (Fig. 4, D-F) . Not only were 243 tags found between the hybrid and both parental lines, but also an overwhelming majority of them were classified as up-regulated genes in the hybrid, 228 tags (92%) out of the total (Supplemental Table I ). Only 15 tags were found down-regulated in LYP9 (Table VI) .
The most extraordinarily up-regulated genes in LYP9, in comparison to their expression in the parental lines (8.5-fold or greater), are listed in Table VI . Some of the up-regulated genes appeared related to chlorophyll or carotene synthesis pathways, albeit the majority of them were highly expressed in all the lines examined and only quantitative differences between the hybrid and its parental lines were noticed. One example is a porphobilinogen deaminase (AK102265) involved in the early steps of chlorophyll synthesis. Another gene (AK108154) encodes a phytoene synthase, the first of four specific enzymes essential for beta-carotene biosynthesis in plants. OsClpD1 (AK068727) encodes an ATP-binding subunit precursor of ATP-dependent Clp protease, one of the newly identified proteolytic systems in plant organelles that incorporate the activity of molecular chaperones to target specific polypeptide substrates and avoid inadvertent degradation of others, and expresses in chloroplasts (Zheng et al., 2002) . OsClpD1 was also found expressed at a muchelevated level in the hybrid as opposed to in both parental lines. The most dramatically up-regulated gene (AK100585) encodes the small GTP-binding protein (RACBP), a member of Rac or Rop (Rhos in plants) GTPases family. In plants, Rac/Rop GTPases refer to a large number of Rac-like GTPases representing the Rho subfamily of the Ras-related small GTPase superfamily (Winge et al., 1997; Yang, 2002) . They are molecular switches in signal transduction of many cellular processes, such as regulating hormone levels and subcellular Ca 21 gradients, organizing cytoskeletons, and producing reactive oxygen intermedi- ates. The second most up-regulated gene (AK109382) is the NADP-dependent oxidoreductase, a component of the demonstrated antioxidative systems in plant peroxisomes. The expression level of OsPsk4 (AK063647), which encodes a precursor of phytosulfokine (PSK), increased more than 11-fold in the hybrid leaves. Another interesting up-regulated gene (AK062116) is the pyrrolidone-carboxylate peptidase (PYRase), an exopeptidase that selectively removes pyrrolidone carboxylic acid from some pyrrolidone carboxylic acid peptides and proteins and has been found in a variety of bacteria and in plant, animal, and human tissues. However, the exact role of PYRases in plants remains unclear. Other obviously up-regulated genes appeared in the categories of transcription factors, signal cascade proteins, and stress-induced proteins.
One group of up-regulated genes was found involved in photosynthesis (Fig. 5) . Five of them (AK061295, AK066070, AK103921, AK058293, and AK109399) encode chlorophyll a/b binding proteins; two (AK068377 and AK065248) and three (AK070051, AK058788, and AK109398) of them are PSII and PSI component genes, respectively. We also identified various genes involved in the antioxidant system, including ascorbate peroxidase (APX; AK070842), catalase (AK066378), Trx (AK059196), and glutaredoxin (AK105335). There are two major systems to maintain thiols essentially in the reduced state in the cytosol, the Trx and the glutathione/glutaredoxin systems (Gelhaye et al., 2003) . A complete list of genes that up-regulated in hybrid rice is summarized in Supplemental Table I .
We identified a limited number of significantly down-regulated genes in LYP9 (Table VI) . The most obvious gene (AK098940) encodes a protein similar to Arabidopsis peptidase M48 family proteins, which functions in protein degradation. The second most down-regulated gene (AK064774) is a rice homolog of the Arabidopsis Ala:glyoxylate aminotransferase 1 (AGT1; Fig. 6 ).
Differential Gene Expression in Roots: LYP9 versus 93-11 and PA64s
From the root-specific SAGE libraries, we assembled 10,871 (from a total of 28,902 tags), 18,084 (from 48,238), and 19,602 (from 67,793) unique tags from LYP9, 93-11, and PA64s, respectively. Similar expression patterns were seen in roots between the hybrid and its parental lines based on the scatterplots (Fig. 4, G-I) . A total of 348 differentially expressed tags were obtained by comparing the result from the hybrid to that of its parental lines, and the overwhelming majority of them (345 tags) were found up-regulated (Supplemental Table II ). Only three genes appeared down-regulated in LYP9 (Table  VII) and one of them (AK069098) was identified as Ramy1, a zinc-induced protein.
Four of the most up-regulated genes in the hybrid roots are related to photosynthesis (Table VII) , which encode PSII and PSI subunits (AK058284, AK059750, AK061611, and AK103503). An elicitor inducible chitinase (AK102185), similar to Arabidopsis glycosyl hydrolase family 17 proteins, was found among the up-regulated genes (also seen earlier in the hybrid panicles), together with another chitinase, OsChia1d.
Other interesting genes among the group were a zinc finger protein (AK058989) and those involving in amino acid metabolism, glycolysis/TCA cycle, antioxidant system, signal cascade, and stress-induced reaction. A complete list of genes that up-regulated in hybrid rice is shown in Supplemental Table II .
DISCUSSIONS SAGE Is a Powerful Tool in Exploiting Gene Expression Profiles in Rice
In this study, we performed a broad survey on gene expression profiles of a hybrid rice strain and its parental lines with nearly one-half million SAGE tags, coupled with comparative analysis on other available data from FL-cDNA, EST, protein, and other SAGE studies. Despite the fact we analyzed only the tags confirmed by FL-cDNA data, the rest, almost a comparable amount to the predicted number of genes for the rice genome, is freely released to the rice research community and public databases for future analysis as well as gene discovery and annotation. Another notion is that there are some incomplete confirmations of SAGE results with other types of data, . Expression pattern of a down-regulated gene in hybrid rice, which is involved in the photorespiratory pathway. The average ratio of tag expression between the hybrid (LYP9) and its parental cultivars (means) is listed. Photorespiration enzymes: E1, Rubisco; E2, phosphoglycolate phosphatase; E3, glycolate oxidase; E4, Glu:glyoxylate aminotransferase; E5, Gly decarboxylase/Ser transhydroxymethytransferase; E6, Ser:glyoxylate aminotransferase; E7, hydroxypyruvate reductase; E8, glycerate kinase. PGA, 3-phosphoglycerate; P-glycolate, 2-phosphoglycolate; RuBP, ribulose 1,5-bisphosphate. such as those of EST sampling, reverse transcription-PCR, and microarrays. The reasons are rather complex. In our comparative analysis with the EST result, the incomplete overlapping of the data is largely due to the source materials, which are collected at different developmental stages of the panicle, one from the flowering stage and the other from the pollenmaturing stage before flowering. Most often are systematic biases created by different experimental protocols, such as mRNA preparations, cloning procedures, primer designs, and freshness of experimental materials. Nevertheless, SAGE provides an inexpensive choice for not only expression profiling but also the discovery of rare transcripts largely attributable to large samples sizes, especially when ample and multifaceted samples are to be handled at the same time.
Many Up-Regulated Genes Discovered in the Hybrid Leaves and Roots Have Functions in Promoting C-and N-Assimilation Plant productivity or yields are usually dependent on the source-and-sink relationship, i.e. the capacity of source, largely the leaf, to fix carbon dioxide (CO 2 ) and the capacity of developing sink tissues or organs to assimilate and convert the fixed carbon into the dry matter. The synergy between CO 2 and nitrate (NO 3 2 ) assimilations as well as their dynamics is of key importance for crop productivity. In leaves, an accelerated CO 2 assimilation involves intensive gene regulations in the chloroplasts, particularly the light harvesting chlorophyll-protein complexes, electron transports, and NADPH-reducing components of thylakoids, the CO 2 assimilating enzyme Rubisco, and other enzymes required for CO 2 assimilation in the stroma (Lawlor, 2002) . In our study, a large number of genes involved in photosynthesis were identified as up-regulated in the hybrid, such as genes encoding pigment synthesis enzymes, chlorophyll binding proteins, Rubisco, and other members and regulators of the photosynthetic system. This result strongly suggests that the increased expression of photosynthesispromoting genes in leaves may be an important factor in heterosis. In addition, as the output of the photosynthetic process, Suc and its storage form, the starch, are synthesized, partitioned between storage carbohydrates, and exported to sink tissues. A number of genes encoded b-amylase and Suc transporters were classified as up-regulated genes in the hybrid, perhaps to facilitate the source-to-sink trafficking between relevant compartments involved in energy generation, conservation, and consumption. The notion is also supported by the fact that the expression level of a starch phosphorylase involved in converting starch into Suc was found up-regulated in a wheat (Triticum aestivum) hybrid (Wu et al., 2003) . Among other up-regulated, functionally known genes identified in our study was PSK, a peptide growth factor important in regulating cell proliferation and differentiation in higher plants.
PSK was originally isolated from conditioned medium from mesophyll culture of asparagus (Matsubayashi and Sakagami, 1996) . One of its two isoforms (PSK-a and PSK-b), PSK-a has been found enhancing growth and chlorophyll content of Arabidopsis seedlings under high nighttime temperature conditions (Yamakawa et al., 1999) . The elevated expression of psk4 found in our study suggests that PSK may play an important role in regulating chlorophyll synthesis.
We also noticed some of the up-regulated genes were related to nitrogen assimilation, especially in the hybrid roots (see Supplemental Table II) . Nitrogen uptake in the root depends on volume of soil exploited and rooting density, which affect the efficiency of absorbing nitrogen (Lawlor, 2002) . Aside from genes related to photosynthesis, a large number of upregulated, root-associated genes in the hybrid appeared related to respiration (i.e. glycolysis, TCA cycle, and respiratory chain), suggesting a higher cell growth rate in its roots. Examples are several upregulated genes identified as associated to root hair initiation, such as expansion genes, originally demonstrated in Arabidopsis (Cho and Cosgrove, 2002) , and cytoskeleton components, crucial for root hair tip growth (Mathur et al., 2003) . Other categorized upregulated genes have been indicated playing roles in nitrogen uptake, including ammonium transporters (Lin et al., 2000; Quaggiotti et al., 2003; Suenaga et al., 2003) , carbonic anhydrases (Galvez et al., 2000; Buvana and Kannaiyan, 2002) , and Rubisco activase (Okubara et al., 1999) .
Increased photosynthesis and respiration in the hybrid may generate an enhanced production of reactive oxygen species (ROS). Therefore, an improved ROS-scavenging mechanism is required in the hybrid to ensure plant survival, growth, and productivity. Various antioxidative enzymes with crucial functions in protecting cellular components under ROSgenerating stress conditions, such as APX, glutathione reductase, glutathione S-transferase, superoxide dismutase, and catalase were also up-regulated in the hybrid roots. A hexaploid wheat thylakoid-bound APX mutant was found exhibiting impaired electron transport, photosynthetic activity, and biomass accumulation (Danna et al., 2003) . We also discovered that several classes of stress-induced genes were up-regulated in the hybrid roots, suggesting that a stress-stimulated cellular response may also be relevant to hybrid vigor. The examples are chitinases and metallothioneins. Plant chitinases appear responsible for the formation of elicitors (N-acetylchitooligosaccharides) from fungal cell walls to activate their own synthesis and other types of defense-related responses (Inui et al., 1996; Nishizawa et al., 1999) . They have been indicated in our study as three chitinase genes identified as highly expressed in rice seedling based on a SAGE study (Matsumura et al., 1999) . Members of chitinases have been shown to compensate developmental arrest during embryogenesis of a mutant carrot (De Jong et al., Serial Analysis of Gene Expression Study of Hybrid Rice 1992). Metallothioneins showed elevated expression in our study and another strawberry study (Nam et al., 1999) . Furthermore, they have been found in floral development, regulated by two MADS box-containing genes, AP3 and PI (PISTILLATA; Zik and Irish, 2003) .
The genes mentioned above are merely representatives of the total genes found in this study as differentially expressed and their increased (or decreased) expressions are believed to have a potential effect on growth. The precise molecular mechanisms are not readily revealed by just expression level documentation, especially when regulatory genes are involved and the effect may also simply be a down-stream consequence of differential expression of a set of key regulatory proteins that are regulated by protein modifications, such as phosphorylation. It is, however, noteworthy that the complementation at transcriptome level is rather massive, suggesting that the underlying mechanisms may not be as simple as expected from studies of limited number of genes (Birchler et al., 2003) . In addition, our proteomics data from comparative analysis on the rice embryos from the same triad have identified at least several percents of the proteins appeared uniquely (or highly expressed to the extent that the counterparts are deemed absent) expressed in the parental lines, and nearly onehalf of them are discovered in the hybrid embryo (data not shown).
Diverse Classes of Up-Regulated Genes Identified in the Hybrid May Also Play Roles in Promoting Panicle Development
Pollen maturing stage is one of the most important developmental stages of rice panicles. The main characteristics of this stage are rapid growth of stamens and pistil and maturation of pollens. Several classes of genes were recognized as up-regulated genes in the hybrid panicles, and they are related to defense against phytopathogens (Paiva, 2000) , mineral utilization, and flavonoid biosynthesis for flower coloring (Kazuma et al., 2003) , pollen germination, and tube growth (van Eldik et al., 1997) . Graminaceous plants secrete mugineic acid family phytosiderophores from their roots to solubilize Fe in the soil. Nicotianamine (NA) aminotransferase converts NA to mugineic acid family phytosiderophores (Shojima et al., 1990) . Transgenic tobacco (Nicotiana tabacum) plants that constitutively express the barley (Hordeum vulgare) nicotianamine aminotransferase gene had flowers abnormally shaped and sterile due to disrupted distribution of Fe, Zn, and Mn (Takahashi et al., 2003) . One of the rice YS1-like genes (OsYSLs), OsYSL2, encoding a rice metal-NA transporter, has been found responsible for the translocation of Fe and Mn from leaf into the developing grain (Koike et al., 2004) . MADS-box genes encode a family of transcription factors that control diverse developmental processes in flowering plants, including the root, flower, and fruit. Many members of the MADS-box gene family work as floral organ identity genes (floral homeotic selector genes; Becker and Theissen, 2003) . Several classes of them have been identified in Arabidopsis, including AP1, AG (AGAMOUS), PI, and AP3 (Yanofsky et al., 1990; Mandel et al., 1992; Mizukami and Ma, 1992; Goto and Meyerowitz, 1994; Jack et al., 1994) . The continuous expression of AP3 is required to specify floral organ identity (Bowman et al., 1989) and required for conferring cell type identity as well as organ shape and size in the stamens (Jenik and Irish, 2001 ). Our results indicated that YS1-like genes, AP3 genes, and genes involved in flavonoid biosynthesis might all play an important role for the enhanced development of hybrid panicles.
The Down-Regulated Genes in the Hybrid Rice Only a limited number of genes were identified as down-regulated in the hybrid and only a few were annotated. These down-regulated genes are mostly either related to photorespiratory or protein processing pathways, most noticeably in panicles and leaves of the hybrid. For instance, the most down-regulated genes in the hybrid leaves were identified as a peptidase and the AGT1; both were previously found and characterized in Arabidopsis. AGT1, localized in peroxisomes of Arabidopsis, is a key photorespiratory enzyme that has the highest specific activity with the Ser:glyoxylate aminotransferase reaction (Liepman and Olsen, 2001) . Previous studies have shown that plant mutants lacking Ser:glyoxylate aminotransferase activity were not viable when grown in the atmospheric condition but survived when photorespiration was suppressed by increasing CO 2 concentration in a growing environment (Somerville and Ogren, 1980; Murray et al., 1987) . The enhancement of photorespiratory pathway severely diminishes the efficiency of CO 2 assimilation and the yield of C 3 -crops (such as rice, wheat, soybean [Glycine max], and potato [Solanum tuberosum]) and improvement of crop yield of C 3 plants can be achieved in an atmosphere containing elevated CO 2 level, resulting in increased CO 2 assimilation and suppressed photorespiration (Reynolds et al., 2000) . Our results suggested that a suppressed photorespiration process and an accelerated photosynthesis in the hybrid leaves were fundamental factors in improving crop yield of the hybrid rice.
Another class of down-regulated genes seemed related to protein processing. The examples are several genes involving in both protein maturation and degradation, including peptidyl-prolyl cis-trans isomerase, glucosyltransferase, peptidase, and UBC2. A few transcription factors are also noticeable in the lists of down-regulated genes. Although we have been unable to plot plausible functional scenarios on precise roles of these genes at the present time, the finding undoubtedly provides useful clues for future detailed investigations, especially when the number of these apparently down-regulated genes is rather limited.
As a final note to this report, we believe that much broader expression-profiling surveys on hybrid rice strains and their parental lines should be encouraged in order to paint better pictures of the biological process of heterosis. Two fronts are to be especially explored: the methodology and the sampling. Among an increasing number of techniques used for largescale gene expression studies, SAGE and microarray techniques are most inexpensive and efficient. However, microarrays are often constrained by gene discovery and prediction procedures, even when genome sequences become available, unless probes representing sequences of an entire genome are mounted on a set of microarrays; a few such attempts have been reported recently by using genomic sequence tags (Bertone et al., 2004; Hilson et al., 2004) . The drawbacks of the SAGE method are its rather lengthy cloning processes that may sometimes introduce biased sampling and its tag length that may result in sequence ambiguity when matched to similar sequences, such as those of gene families. As to the aspect of sampling, it is indisputable that thorough investigations on gene expression profiling over an entire growth period and on most of the anatomic parts of a well-established hybrid and its parental lines are of essence in unveiling molecular details of hybrid vigor.
MATERIALS AND METHODS
Plant Materials and SAGE Library Construction
Rice (Oryza sativa) seeds were sown in green houses until reaching the seedling stage. The seedlings were transferred subsequently to an outdoor rice paddy. LYP9 and 93-11 were cultivated under typical conditions, and PA64s was maintained under male-sterility condition. First leaves were harvested at the milky stage of the grain ripening phase and panicles were from the top one-third portion at the pollen-maturing stage. Roots were collected at the first tillering stage. Total RNAs were prepared according to a LiCl-precipitation protocol (Lobreaux et al., 1992) .
Poly(A 1 ) RNA isolation, cDNA synthesis, and SAGE library construction were performed according to a published protocol (Lee et al., 2001) . Briefly, mRNAs were purified with the Oligotex mRNA Mini kit (Qiagen USA, Valencia, CA) and double-stranded cDNAs were synthesized from the fractioned poly(A 1 )-containing mRNAs with 5#-biotinylated 3#-anchored oligo(dT) primers (5#-biotin-ATCTAGAGCGGCCGCdT16[A/G/CA/CG/ CC]-3#). cDNAs were digested with NlaIII and collected with Streptavidincoated magnet beads (Roche Diagnostic, Mannheim, Germany). After ligation with the two SAGE linkers, cDNAs were PCR-amplified with the sense SAGE primer 1 (5#-GGATTTGCTGGTGCAGTACA-3#) or SAGE primer 2 (5#-CTG-CTCGAATTCAAGCTTCT-3#) and paired with the antisense primer (5#-ACTATCTAGAGCGGCCGCTT-3#). The antisense primer was located at the 3# end of all cDNAs generated from the anchored oligo(dT) primers. Amplified cDNAs were released from the beads by BsmFI-digestion and subsequently purified on a polyacrylamide gel. Tag-containing cDNA fragments were blunt-ended, ligated, amplified, and redigested with NlaIII. Digested tags were concatemerized at their NlaIII overhangs. The ligation mixture was heated at 65°C for 15 min and separated on an 8% (w/v) polyacrylamide gel. DNA fragments between 500 and 1,000 bp in size were extracted and cloned into the SphI site of the pZero-1 vector (Invitrogen, Carlsbad, CA). Sequencing was carried out with the DYEnamic ET Terminator Cycle sequencing kit and Megabase 1000 sequencer (Amersham Biosciences, Uppsala). Sequence data were analyzed with SAGE 2000 (a software package kindly provided by Dr. Kenneth Kinzler's laboratory, Johns Hopkins University, Baltimore) that automatically detected and counted tags from the sequence data.
SAGE Data Analysis
The reference FL-cDNA dataset is a collection of 28,469 FL-cDNAs from KOME (Kikuchi, et al., 2003 ; ftp://cdna01.dna.affrc.go.jp/pub/data/ 20031024/). After removal of redundancy, 20,259 nonredundant sequences (nr-KOME-cDNAs) were used in our analysis (Yu et al., 2005) . To generate virtual SAGE tags from the reference dataset, a 10-base tag was extracted from the immediate downstream sequence of a 3#-most NlaIII site (CATG), yielding 20,010 virtual tags, and only 1% of them matched more than one rice genomic sequence in the whole genome assembly of 93-11 (Yu et al., 2005) .
Since the numbers of tags extracted from nine SAGE libraries were not exactly equal, a normalization (to 50,000 tags) procedure was performed (Porter et al., 2001) . Pearson correlation coefficients were calculated for each pair-wise comparison with normalized tag values for each library (Hough et al., 2000) . A P value of less than 0.01 for a difference in tag numbers between two libraries was said as significant, based on Monte Carlo simulation analysis and by using SAGE 2000 software (Zhang et al., 1997) .
Other Rice Data
EST sequences (BGI ESTs) used for our analysis were published previously (Zhou et al., 2003) . Although there were data from three cDNA libraries (Ls, Ps, and Ns) generated from rice leaves, Ls and Ps were constructed from leaf materials at the trefoil stage from LYP9 and PA64s, respectively, and Ns was made from cDNAs isolated from leaves of 93-11 at the first tillering stage. BGI proteomics data were acquired from fresh rice tissue samples at an early flowering stage by 2-D electrophoresis followed by protein identification with MALDI-TOF MS.
